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SECTION I

INTRODUCTION

1. OBJECTIVES

The primary objective of this study was to determine the
feasibility of displacing a portion of the electrical energy
usage associated with the operation of the wind tunnel complex
of the Flight Dynamics Laboratory at Wright-Patterson Air
Force Base (WPAFB). Towards achieving this primary objective,
a study was performed that encompassed the following sub-
objectives or tasks:

(1) Quantify the availability of wind and solar energy
resources at WPAFB by gathering available meteoro-
logical data from Air Force sources and the National
Weather Service and converting into formats convenient
for use in evaluating renewable energy systems.

(2) 1Identify appropriate loads within the wind tunnel
complex best suited for displacement by various
types of renewable energy systems and identify the
renewable energy sources and systems best suited to
meet the loads.

(3) Perform a conceptual system design based on existing
technology and commercially available hardware for
the renewable energy systems identified as most
appropriate.

(4) Establish cost estimates for the most appropriate
renewable energy systems based on manufacturer
supplied prices.

(5) Assess the potential for displacement of non-renewable
energy by the renewable energy systems based on the
renewable energy resource data and manufacturer
supplied performance data.




(6) Perform a lifecycle <cost analysis of the proposed
renewable energy systems to provide a basis for
decision on deployment of a particular system.

Several renewable energy sources were evaluated for

potential applications at WPAFB. These included:

(1) Biomass
(a) Alcohol production from agricultural crops
(b) Methane production from agricultural waste

products
(2) Wind Energy
(3) Solar Energy
(a) Photovoltaic solar electric systems
(b) Solar thermal energy systems
Considerable effort was expended in quantifying the avail-
ability of wind and solar energy at the site. The availability
of agricultural feed stocks for biomass production was not
evaluated for the Dayton area since it was decided rather
early in the study that the logistics involved in delivering
the necessary feed stocks to the Air Force Base for diges*tion
or distilling into usable fuels made biomass systems inappro-
priate for this application. The major portion of the feasi-
bility study thus focussed on the availability and application
of wind energy and solar energy.
2. SCOPE

The following sections give details and results of the
renewable resource assessment, load evaluation, available
hardware assessment, system design and cost analysis. Con-
ceptual system designs and lifecycle cost analyses were per-
formed for three renewable energy systems, a wind system, a
photovoltaic system and a solar thermal system. While the
results do not indicate a positive present worth for any of
the systems under reasonable assumptions for fuel escalation
rates, none of the systems described are too expensive to be
considered for installation on an experimental demonstration

basis.




SECTION II
RENEWABLE ENERGY RESOURCE ASSESSMENT

Assessment of the renewable energy resources for WPAFB
is given here under three headings: 1. General climatologi-
cal data, 2. Solar energy resource and 3. Wind energy
resource.

1. GENERAL CLIMATOLOGICAL DATA

Climatological data for Dayton, Ohio was obtained from
References 1-5. This data represents observations made by
the National Weather Service station at the James M. Cox
(Dayton Municipal) Airport located approximately 20 miles
from WPAFB. Additional climatological data for the Base was
supplied by AFWAL/FIMN including extensive wind pattern data.
Table 1 gives long-term monthly average values of climatologi-
cal data that is of significance in solar system design.

The majority of the climatological data was obtained from
Reference 1 and is given as monthly and annual averages of
data recorded over several decades through 1977. For exact
years of record and other details consult Reference 1. Two
values are given in the tables for relative humidity, one for
morning (M) taken at 7 a.m. and one for afternoon (A) taken
at 1 p.m. The maximum wind velocity data includes the direc-
tion of the highest recorded wind and the annual value given
is simply the highest value recorded. More extensive wind
data is given in Table A-5 and Figures 1 and 2 discussed
later.

The dewpoint temperature and the annual percentage fre-
quency of wind by speed groups were obtained from Reference 2.
Heating and cooling degree days (65°F base) and winter
and summer design temperatures are reproduced from Reference

3 to aid in determining building heating and cooling loads.
The design temperatures are 99 percent and 1 percent dry bulb
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values meaning that on the average the winter design tempera-
ture is exceeded 99 percent of the time and the summer design
temperature is exceeded 1 percent of the time.

The total hemispherical radiation on horizontal surfaces
appearing as the first entry in the climatological table are
predicted values determined through the use of regression
models by the National Climatic Center of the National Oceanic
and Atmospheric Administration (NOAA). They were obtained
from Reference 4.

2. SOLAR ENERGY RESOURCE
a. Tables of Average Day Radiation Values

Average day values of solar insolation on stationary
surfaces with various tilt and azimuth angles and on an
altazimuth tracking surface are given in Appendix A, Table
A-1. Both beam and total radiation values are given. The
diffuse component (including ground reflected radiation) can
be obtained by subtracting the beam component from the total
value.

The tables of solar radiation values for tilted surfaces
were obtained through the use of the SIM computer program
based on a solar insolation model originally developed at
Martin Marietta Corporation for NASA [6]. This program was
modified by the authors for improved accuracy and smoother
monthly transitions.

The model uses percent sunshine or cloud cover data to
predict solar insolation values for locations where no
measured radiation data exists.

Dayton is one of the 222 derived SOLMET data stations for
which total horizontal insolation values have been developed
by NOAA using regression models and long-term monthly average
percent sunshine, opaque cloudiness and sky condition data [7].
The SIM model was applied using the percent sunshine data for
the Dayton Municipal Airport with monthly values of Clearness
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Number chosen to reproduce the NOAA derived values for total
horizontal insolation from Reference 4.
The modified SIM model used to generate the insolation

values for this study is described below:

b. Solar Insolation Model

To calculate insolation values, a day (from sunrise
to sunset) is divided into 100 parts. A number of these
parts equivalent to the percent sunshine (PS) are assumed
totally clear. The remaining parts (100-PS) are assumed
totally cloudy. The totally cloudy parts are evenly distri-
buted over the entire day. The instantaneous solar irradiance
is calculated for each of these parts which is then integrated
to give the value for the whole day. The values are thus
calculated for each day of the month and then averaged to
give the average daily insolation (beam, diffuse, reflected,
total) for the month. The instantaneous irradiance on a
horizontal surface for totally clear and totally cloudy con-
ditions are calculated as follows:

(1) Totally clear (Horizontal Surface)

Beam Irradiance H(b) = I Cos ©
where 3] = Solar Incident Angle

I = Normal Incident Beam
Irradiance

I = CnIoe'T Sec ©

Io = Extraterrestrial Solar
Irradiance

T = Optical Depth due to
absorption and
scattering by the
atmosphere

Cn = Clearness Number - a

parameter to account
for the variation in
t from the average
conditions

L
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Diffuse Irradiance H(d) = C I/(Cn)®
where C = Sky Diffuse Factor
Total Irradiance H(t) = H(b) + H(d)

(2) Totally Cloudy (Horizontal Surface)

Beam Irradiance H(b) = 0
Diffuse Irradiance H(d) = (H(t)clear) (CCF)
where CCF = Cloud Cover Factor

The relations for calculating the irradiance on a surface
tilted at an angle to the horizontal are purely geometrical
and will be omitted here. However, for a surface tilted at
an angle to the horizontal, the ground reflected irradiance
must also be included, which is calculated as follows:

Ground Reflected
Irradiance H(r)

pg[H(b) + H(d)J[1-Cos(PT)]/2

where
g

PT

Ground Reflectivity

Panel Tilt Angle

The ground reflectivity was assumed to be 0.2 for this
study. Values of Cn were calculated for each month to account
for the seasonal variation in C according to the following
equation.

cn = H(t) (NOAA published value from Reference 4)
H(t) (calculated for Cn = 1)

¢c. Table of Clear Day Radiation Values

A knowledge of the level of solar radiation to be
expected on totally clear days is helpful in the design of
solar energy systems, both photovoltaic and thermal. For
this reason a table of clear day radiation values on a south
facing surface with various tilt angles and on tracking
surfaces was generated using the SIM program assuming 100
percent sunshine and using the monthly Clearness Numbers
calculated for Dayton as described above. These values are
given in Table A-2.

U |




d. Tables of Hourly Radiation Values

The daily distribution of solar radiation is also of
interest in solar system design. Hourly values of solar
radiation were calculated with the SIM program for the middle
day of each month for a fixed surface facing due south with
a 40° tilt angle and for an altazimuth tracking surface.
Table A-3 gives average day values based on long-term weather
observations and Table A-4 gives clear day values based on

100 percent sunshine.

3. WIND ENERGY RESOURCE

Wind velocity data was obtained from the NOAA National
Weather Service at the Dayton Municipal Airport [5] and from
WPAFB. The NOAA data is included in Table A-5 as excerpted
from Reference 5. The wind velocity distributions contained
in this data have been used to compute the wind power curves
shown in Figure 1. These curves show the yearly average of
wind power density in kilowatts per square meter plotted
versus the hour of the day at which that yearly average
occurred.

The NOAA data constitutes the most complete source for
wind velocity distribution information and, therefore, has
been chosen to be the principle data base for wind power
evaluation (this is the line connected data in Figure 1).
The information presented in Figure 1 shows that, depending
on the location of the wind measuring instrumentation,
maximum wind power at WPAFB occurs at about 1400 hours in
the day and may be expected to vary from between 40% below
to 20% above the wind power existing at the Dayton Municipal
Airport.

Figure 2 shows the average monthly power density derived
from the NOAA data for each month. The long-term average

annual power density is 0.114kw/m2.
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SECTION III

LOAD IDENTIFICATION

Eight distinct electrical loads at the wind tunnel com-
plex were initially identified by AFWAL/FIMN personnel for
consideration as potential loads for renewable energy systems.
These included:

(1) A 60 kw electrical heater for the Instrument
Air Dryer System

(2) The 120 volt D.C. Supply Battery System

(3) A 100 HP air compressor

(4) A 40 kw air conditioner

(5) A 250 kw diesel generator set

(6) Two 5 ton air conditioners

(7) A 250 kw load to the motor control centers

(8) A 26 kw air conditioner at the Vertical Wind

Tunnel.

Of these potential loads, the first two were deemed the
most suitable for further evaluation. In addition, the
physical configuration and unobstructed wind access of the
Vertical Wind Tunnel (VWT) suggested it as a possible site
for a wind generator system. Thus, the electrical load
pattern of the VWT was also investigated and consideration
was given to a wind generator system to meet this load.

In the final analysis, the feasibility of a wind energy

system to supply power for the VWT was less than that of a
wind generator to charge the D.C. Supply Battery System.
Details of the VWT electrical load will thus be omitted from
this report while details on the Instrument Air Dryer
electrical heater and the D.C. Supply Battery System are given
below.

1. D.C. SUPPLY BATTERY SYSTEM
The D.C. Supply Battery System provides D.C. current for

11




switching gear and D.C. o0il pumps for wind tunnel blower
lubrication. The system consists of 20 Exide 3CC-9 200 amp/
'( hour batteries with a nominal system voltage of 130 volts.
! The load on the batteries is typically about 4 amps when
[ testing is in progress and the o0il pumps are in use which
can last for periods of up to 8 hours per day. There is a
E constant small load on the battery system from indicator
- lights. Operation of switching gear represents spike loads
to the battery system.

The batteries are currently charged on a continuous basis
E‘ at between 1 and 2 amps by a motor-generator set. This load,
while not large (approximately 6.24 kwh per day), is most
feasible for displacement by a wind or photovoltaic electrical

system due to its constant and predictable nature.

3 2. INSTRUMENT AIR DRYER
The Instrument Air Dryer (IAD) system is used to supply
' very dry air (dewpoint of -30°C) for instrumentation and
H pneumatic controls use. Two desiccant beds are used to dry
the air. The drying beds are used on alternate days with
g one bed being regenerated while the other is providing dry
air. Each desiccant tank contains 1400 pounds of H-151
'! activated alumina &" balls. Regeneration of the desiccant
i is accomplished by circulating heated air at approximately
177°C (350°F) through the desiccant tank at a rate of 220 scfm.
The heated air for the regeneration cycle is currently

wo—y

>‘ being produced with a nominal 60 kw electrical resistance

-

heating element. The heater, which actually draws 56 kw,
is controlled by a thermostatic on-off controller. During
operation the heater cycle is typically on for 1.25 minutes

gy

and off for 2.0 minutes. Air enters the heater at about 25°C

(75°F) and leaves with a time varying temperature that cycles
between 150°C to 195°C (300°F to 380°F). The heated air
enters the desiccant bed with an average temperature of 172°C

12




(340°F) and absorbs moisture from the desiccant. The exit

air temperature from the desiccant bed gradually increases

during the drying cycle to 120°C (250°F) at which point the
| heater is turned off. This process requires approximately

ey e - o oy -

[ six hours and consumes an average of 128 kwh of electricity.
L A schematic diagram of the IAD system is shown in Figure
. 3. The system is controlled manually by a technician who

B switches valves ADV-8 and ADV-9 and activates the electric

L heater at the beginning of each work day. The heater is

‘ turned off in the afternoon when the exit air temperature

. reaches the prescribed 120°C (250°F). Since the energy

‘ requirement for desiccant drying is thermal energy, the IAD
3 represents the most appropriate load to be displaced by a

solar thermal systenmn.

e

A i
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SECTION IV

PHOTOVOLTAIC POWER SYSTEM

1. LOAD SELECTION

During the study, photovoltaic power systems were designed
for two loads, the D.C. Supply Battery System and the Vertical
Wind Tunnel lighting, instrumentation and controls. Details
of the system design for the VWT were given in the monthly
report for April 1981 and the Interim Report [8]. The eco-
nomics for this system are extremely poor due to the highly
variable nature of the load and the concurrent need for a
battery storage subsystem to meet the load.

The D.C. Battery Supply, on the other hand, represents
an ideal load for a photovoltaic system. Even though the

economics for this ideal application do not warrant installa-

~tion of the system from a Cost/Benefit Viewpoint, details

of the system sizing and cost analysis are presented here
because the system is not overly expensive and might be
considered as an emergency charging system for the battery
bank in the event of an extended power failure as occurred
at the base in October 1981.

For the purpose of sizing a photovoltaic system, it was
assumed that 6 amperes will be required at 130 volts over an
8~hour daylight period to provide the 6.24 kwh per day required
to charge the batteries.

2. DESIGN METHOD

The design method developed by Evans, et. al. [9] was
adopted for sizing the photovoltaic systems for this feasi-
bility study. It provides fairly accurate and detailed
results and allows the solar fraction to be predicted for a
given array size.

The method predicts the photovoltaic array and system
performance for a passively cooled, flat, south facing, maxi-

mum power tracked array for meeting the requirement of a

15




specific use pattern electrical load. The parameters needed
to evaluate the performance of the PV array are: monthly
average array efficiency, monthly average array insolation
and monthly average array and power conditioning output. The
above parameters are briefly described below.
a. Array Thermal Performance

The efficiency for rejecting thermal energy to the
surroundings is an important property of the array. This
is important since the operating efficiency of an array is
primarily a function of temperature. A commonly cited
parameter that contains information on this efficiency is
the Nominal Operating Cell Temperature or NOCT. The efficiency
of heat rejection is given by means of a loss coefficient,
UL’ which is dependent on the solar absorptance (a) of the
photovoltaic array. The design procedure used in this report
requires knowledge of either NOCT or UL/a.

b. Array Reference Efficiency

Under conditions of maximum power operation, the
actual conversion efficiency of the array, n, is approximately
linearly related to cell temperature TC by

n=n, [1-8(T, - T.,)]

where n. is a reference array or module efficiency for con-
verting solar energy to electrical output when the cells in
the array are at a stated temperature Tr' B is a temperature
coefficient and can be calculated by using two different
efficiencies at two different cell temperatures using the

relation
l-(n2/nl)

T, - T

2 1

¢. Power Conditioning
"pc is the power conditioning efficiency. The power
conditioning may include provisions for utility interconnec-

tion, conversion from D.C. to A.C. and battery efficiency.

16
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d. Monthly Average Potential Array and Power

Conditioner Output

The monthly average daily energy output per unit
area of array (including power conditioning losses) is given
by

n n
QE/A = —P&_ . - QS/A
100 100

where QS/A is the monthly average daily insolation on a unit
area of the array.
The following part of this design procedure introduces
three important parameters.
L - Monthly average daily electrical load
B - Electrical energy storage capacity

F - Solar fraction or the portion of the electrical
load supplied by the photovoltaic system.

e. Load
This number is determined by the application and is
the amount of electrical energy (kwh) that a photovoltaic
power system might be required to supply daily.
f. Electrical Storage Capacity
This electrical storage can be a bank ot zhemical
batteries or any other means of storage. When batteries
are used, the electrical energy storage capacity, B (in watt

hrc.), is calculated from:

B{wh] = Capacity Per Battery [Ah] x Average Voltage
Per Battery [v] x Fraction Of Battery Used
x Number Of Batteries Used.

Here the "Fraction Of Battery Used" depends upon how
deep a discharge and how high a charge are permitted during
battery operation. For example, if 60% of total available
battery capacity is utilized, this factor would be 0-6.

g. Solar Fraction

This is the fraction of the load that is met by the
photovoltaic system. The juantities discussed above are

17
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combined to give the variables which are necessary to even-

tually obtain solar fractions. These variables are:
QE/L = (QE/A) - (1/L)-A
and
R U B b it U T
T T A QS7R n

pc
where: QE/L is the potential solar fraction in that it rep-
resents the fraction of the load which could potentially be
satisfied by electrical energy from the array if infinite,
loss free storage were available (due to losses in the battery
or dumping of extra power, F is always less than QE/L). B/An
is a dimensional ratio of storage capacity to the product of
array area and monthly average array efficiency. The values
of the above two variables are used to enter the appropriate
system performance curves from Reference 9 which best describe
the application load profile. The curves provide the predicted

value of solar fraction.

3. PHOTOVOLTAIC MODULE CHARACTERISTICS

The photovoltaic module chosen for the basis of the battery
charging system is the Power Module No. 60-3040 manufactured
by Applied Solar Energy Co. The required cell operating
characteristics (from Reference 10) and assumed array para-

meters are given below.

n,. = 10.36% at Tr = 28°C and Insolation = 1 kw/m2
= 0.0045 oc-l (for silicon cells)
NOCT = U47°C at 1 kw/m2, Ta = 20°C and Wind Speed of 1m/s
n = 90% (assuming maximum power tracking and
pc a three phase inverter)
Sm = Optimum array tilt angle = 40°
S = Latitude = 39.9°

18
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4. DETERMINATION OF SOLAR FRACTION VERSUS ARRAY SIZE

The D. C. Supply System consists of 20 Exide 3cc-9 200
amp-hour batteries with a nominal system voltage of 130 volts.
The total battery capacity to be used in the design of the
photovoltaic system is, therefore, 200 x 130 = 26,000 watt-
hours. Assuming a depth of discharge factor of 0-6 the total
battery capacity, B, available is 26,000 x 0-6 = 15,600 watt
hours.

Worksheet 1 indicates typical calculations required in
the design procedure. Assuming a photovoltaic array size,
the fraction of energy supplied by solar, F, can be calculated
as a function of QE/L and the pre-determined battery capacity.
Using the values of QE/L and B/An from columns C-16 and C-17
of the worksheet, the monthly values of F were estimated from
Figure 4 and entered in column C-18. Finally, the annual
value of F for a particular array area (in this example
An = 13m2) is calculated as shown in Worksheet 2-A for
average day conditions and Worksheet 2-B for clear day con-
ditions.

Various values of F corresponding to different values of
A can be calculated by repeating the steps outlined in Work-
sheets 1 and 2. Using this procedure a plot of F versus A
was generated for average day and clear day conditions as
shown in Figure 5. To supply 100% of the load under average
day conditions would require about 20m2 of array. However,
due to inaccuracies in the array sizing method as the fraction
contributed by solar exceeds 0.8, it is wise to choose an area
of about l3m2 of photovoltaic array. This size will be suf-
ficient to supply all of the energy requirements during the
month of June for a clear day and about 82% of needed energy
for the entire year under average weather conditions as
indicated in Figure 5.
5. PV SYSTEM BLOCK DIAGRAM

Figure 6 shows a block diagram for a PV System. The

19
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collected solar energy is used by the photvoltaic modules

to generate electrical output. This electrical energy is

utilized for the load. The system components are:
Photovoltaic Array Modules: These are the solar cells

connected in series and parallel combinations depending on
the output requirements.

Power Conditioning: This subsystem has the D. C. output

of the arrays as input and its functions are:

-Conversion of D. C. to A. C. if required (here A. C.
is not necessary as D. C. is required to charge the
batteries).

-Regulation of the power to the load

-Power tracking, i.e., the operation of PV arrays at the
maximum power point

-Battery interface which includes a battery charger

-Utility interface
Storage: The existing bank of 20 Exide 3cc-9 batteries.

Electric Utility: This provides backup energy when the

PV system is not operating or during bad weather conditions
when PV output is low.

Load: This is the sink to the regulated electrical power

from the PV array, batteries and/or utility.

6. ECONOMIC ANALYSIS FOR PV SYSTEM

Economics is a key factor in determining the viability
of a photovoltaic power system. As with any solar energy
system, a PV system offers the benefits of future energy cost
savings based on an initial investment in equipment. Thus,
a complete analysis requires the evaluation of both benefits
(B) and costs (C) over the useful life of the system.

Since the cash flows depend on time, for the correct

evaluation of PV system economics, it is necessary to estimate

the values of all savings and costs that accrue over time
and convert these values to an equivalent amount at a single
point in time. The method for accomplishing this is called
present value analysis or lifecycle analysis.
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The system chosen for the cost analysis has 13m2 of
array area capable of supplying 5.1 kwh/day (solar fraction 2
0.82) to the battery storage system. The cash flow parameters
considered for the economic analysis are

E - Annual energy savings
- Purchase and installation costs
- Annual maintenance and repair costs

- Major replacement costs

nw v X v

- Salvage value.

The above parameters are used to obtain the net present
value of the PV system. The following assumptions were made
in determining the present value:

.System lifetime - 20 years

-Battery and Power Conditioner lifetime - 10 years

-Discount rate - 15%

-Escalation or inflation rate - 15%

Annual Energy Savings (E)

Since the system displaces 5.1 kwh/day, the annual
savings in electrical energy is 5.1 x 365 x utility rate
($/kwh). Assuming a current average utility rate of $0.0525 /kwh
then ‘

5.1 x 365 x $0.0525
$97.73/year.
for a discount rate of 15% and escalation rate at 15%, over 20

Annual Savings

years, the total energy savings is
E = UPW (15,15,20Y) x $97.73
20 x $97.73 = $1,954.00.
where UPW (15,15,20Y) is the uniform present worth over 20

years at 15% discount rate and 15% escalation rate. The
cost analysis has been performed for two values of cost per
peak watt (wp) for the PV modules.

Case 1 - $/peak watt = $10.00

Assuming a 10% array efficiency, lm2 of array supplies
100 peak watts (Wp) of energy; therefore, 13m2 of array

provides 1300 Wp.
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Purchase and Installation Costs (P)

Purchase and installation costs are divided into two
parts, hardware costs and indirect costs. The hardware cost
is subdivided into the following costs [9]:

Array cost: $10/Wp x 1300 wp = $13,000
Array structure cost: $140 + 0.3 x 1300 W_ = $530
Power conditioner costs: $1.2 x 1300 = $1,560

Since the storage batteries and building already exist
at the site, the costs associated with these are not con-
sidered in the analysis. The indirect costs include the
engineering, installation and management costs. The manage-
ment costs are neglected while the indirect costs [10] are
assumed to be U45% of the hardware cost or 0.45 ($13,000 +
$530 + $1,560) = $6,790. Therefore, the purchase and instal-
lation cost is:

P = $13,000 + $530 + $1,560 + $6,790 = $21,880.

Maintenance and Repair Costs (M)

The first year maintenance and repair costs are assumed

to be 1.0% of the original purchase and installation cost [10].

Over a 20-year lifetime, the maintenance and repair costs
are:

=
"

0.01 x $21,880 x UPW (15,15,20Y)
.01 x $21,880 x 20

$4,376

Ma jor Replacement Costs (R)

The replacement cost for the power conditioner after
10 years is estimated by [11]

R = (0.263 X wp)
so R = $0.263 x 1300 Wp
R = $342

Assuming a salvage value of zero, the total system cost, C,
is the sum of the purchase and installation costs, the main-
tenance cost and the replacement cost

C = P+M+R = $21,880 + $4,376 + $342 = $26,598
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Since the benefit, B, equals the total energy savings E of
$1,954, the net present value of the system for a PV module
cost of $10/wp is
B-C = $1,954 - $26,598
= -$24,64Y
Case 2: $/peak watt = $2.80
Purchase and Installation Costs (P)

As described in the first case, the hardware costs are:
Array cost = $2.8/wp x 1300 wp = $3,640,
Array structure cost = $530 as in the previous case,
Power conditioner costs = $1,560 as in the previous case.
The indirect costs are again 45% of the hardware costs,
i.e., 0.45 ($3,640 + $530 +$1,560) = $2,579. Therefore,
the purchase and installation costs are
P = $3,640 + $530 + $1,560 + $2,579 = $8,309.
Maintenance and Repair Cost (M)

The same maintenance and repair cost is assumed as in
the previous case
M = $4,376
Ma jor Replacement Costs (R)

The power conditioner replacement cost after 10 years
is the same as in the previous case
R = $342
Again assuming a zero salvage value, the system cost is
C P+M+R = $8,309 + $4,376 +$342
$13,027
Therefore, the net present value of the system for PV
modules at $2.80/wp is
B-C $1,954 - $13,027
-$11,073
7. CONCLUSIONS
In both cases examined, the net cash flow for a 20-year

"

system lifetime is negative. Current cost of photovoltaic
arrays is approximately $10 per peak watt. At this price,
the net present value of the proposed system is a negative
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$24,644. The price of PV modules may be expected to fall to
about $2.80 per peak watt in the next few years. Even at
this price the net present value of the system represents

a loss of about $11,000.

On the basis of the above cost analysis, one can conclude
that photovoltaic systems, at this time, are not cost com-
petitive with conventional power sources. Installation of a
photovoltaic array to provide part of the energy needs for
the D. C. Battery System could be justified only on the basis
of demonstrating alternative energy usage and acquiring ex-
perience with photovoltaic power systems, or on the basis
of providing emergency battery charging in the event of a

power failure.
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SECTION V

WIND ENERGY SYSTEM

1. PRELIMINARY WORK

Manufacturers information was initially obtained on 16
wind generators. Five of these were chosen for an initial
estimate of economic feasibility. The machines, representing
a wide range of rated output, were: Aerowat 4.1 kw, Millville
10 kw, Jay Carter 25 kw, Mehrkam 100 kw and Mehrkam 225 kw.
The output curves from these five machines were applied to
the available wind power resource depicted in Figure 2 to
obtain the expected annual energy production assuming the
availability of infinite storage. A preliminary lifecycle
cost analysis was then performed based on the expected in-
stallation and maintenance cost of each of the machines and
the value of energy produced.

Details of this analysis were provided in the Interim
Report [8] and are included in Appendix B for completeness.
The results of the preliminary economic analysis on the five
machines indicated rather large negative present values
rendering all five machines uneconomical.

Subsequent to this initial effort a wind generator was
found that is well matched to the load presented by the D. C.
Supply Battery System. This machine is described below along
with a lifecycle cost analysis of an application to charge
the D. C. Battery System. Although the present value of this
system is still negative over a 20 year lifetime the cost
is not ton great and the system could be considered for

deployment on an experimental basis.

2. WIND SYSTEM SELECTION

The energy requirement to keep the D. C. Battery System
charged is approximately 6.24 kwh per day or an average power
demand of 0.26 kw. A wind turbine capable of meeting this load
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is the Whirlwind Model 3120 produced by the Whirlwind Power
Company of Denver, Colorado. This firm submitted one of its
earlier models for testing at the DOE Rocky Flats Test Facility
in the Fall of 1980. This machine demonstrated that it was
capable of producing the advertised rated output. One major
machine failure occurred during a test in a 50mph wind which
caused the rotor to overspeed and destroy the generator.
Models currently produced by this manufacturer now include a
"sidewheel" yaw mechanism to prevent failures of this nature
by rotating the machine orthogonal to the wind direction
during high wind conditions.

According to the manufacturer's description, the Whirlwind
Model 3120 is specifically designed for use in 120 Volt battery
charging applications. The information provided by the manu-
facturer on the Model 3120 is presented in Appendix C. Compared
to other wind generators investigated during this study and
reported on in the Interim Report, the Whirlwind 3120 comes
the closest to satisfying the selected battery bank load demand
with a minimum cost of installation.

The 3120 machine outputs a variable frequency, variable
amplitude, three-phase AC electrical output which is then
transmitted (3-phase) to a remotely located control box. The
control box either inverts the 3¢ AC to produce a 120 VDC
minimum signal for battery charging, or allows the AC to be
taken off for water or space heating. A charging regulator,
priority selection, brake switch and full metering are all
included. The manufacturer also claims the unit is virtually
vibration-free and at a distance of 100 ft. produces almost
no audible acoustic noise.

A synchronous inverter and utility interface can also be
installed with the unit to allow power feedback into the
existing AC utility network. This option, however, is con-
sidered inappropriate due to the inclination of Test Facility

personnel to attempt to make use of all ancillary generated
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F power and avoid contractural arrangements on power buy-back
i with Dayton Power and Light Co.
3. PREDICTED ENERGY OUTPUT AND LOAD MATCH
] Applying the Whirlwind 3120 machine input-output charac-
teristics to the wind energy distributions shown in Figures 1
and 2 results in the average yearly power available by hour
of day shown in Figure 7 and the average monthly power shown
t! in Figure 8. These curves show that the maximum power occurs
during daylight hours between 0700 and 1900 hours and the
maximum average daily power occurs between November and April.
Some highlights of the information contained in these curves
‘ are presented in Table 2 as a performance summary.
An indication of the match between wind generated power
and load power demand can also be obtained from the curves
. shown in Figures 7 and 8. For an average load power require-
g ment of 0.26 kw, the wind generator is predicted to provide
100% of this load from October through June, with 80% to 94%
of the load demand provided from July through September.
The efficiency of the Model 3120 machine is also indicated

( in Figures 7 and 8. Comparing the actual machine output to
that obtainable from a 100% aerodynamically efficient Ideal
Machine results in an overall efficiency of approximately
45% for the Model 3120 generator.

TABLE 2
Performance Summary

Whirlwind Model 3120

Power Rating 3.000 kw
Max. Avg. Power at 1300 Hours 0.646 kw
Min. Avg. Power at 0100 Hours 0.315 kw
} Max. Avg. Power in March 0.631 kw
Min. Avg. Power in August 0.205 kw
Avg. Yearly Power 0.432 kw

Avg. Energy 10.37KwH/Day, 315.3KwH/Month, 3784KwH/Year
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Yearly Avg. 0.452 kw

Assumed Load Demand 0.26 kw

Ideal
0 Machine
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Hour of Day
Figure 7. Average Yearly Power Versus Hour of Day For

Whirlwind Model 3120 Wind Generator
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Figure 8. Average Monthly Power Versus Month of Year
Whirlwind Model 3120 Wind Generator
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4., ECONOMIC COST/BENEFIT ASSESSMENT OF WHIRLWIND 3120

An assessment of the economic value of the Model 3120

wind generator was made by determining the cash flow which
would result by combining the annual costs incurred with the
annual funds generated if the energy produced by the machine
were sold at a commercial energy rate of $0.0525/KwH (approxi-
mate cost of energy at WPAFB). The machine was assumed to
have a useful life of 20 years. The cost of money was set
at 15%. Annual operation and maintenance were assumed to be
2.5% of the installed cost and allowed to escalate at 15%.
Table 3 contains the data concerning initial costs, main-

tenance costs and energy produced benefits.
TABLE 3
Economic Assessment

Whirlwind Model 3120

Assumed Useful Life 20 years

Base Price $3,600.

Tower (30ft. Free-Standing Pole) $1,560.

Installation (estimated) $2,500.

Total Purchase and Installation $7,660.
Cost (P)

Ma jor Replacement Cost is
Assumed Zero

Salvage Value is Assumed Zero

Annual Operation and Maintenance ¢
(2.5% of P) $ 192.
Annual Value of Energy
Generated ($0.0525/KwH) $ 199.

As in the economic analysis for the photovoltaic system, the

present value of the wind system is given by 1

B-C = E -(P+M+R+S)
Where E = $199 x UPW (15,15,20Y) = $199(20) = $3,980 ‘
P = $7,660
M = $192 x UPW (15,15,20Y) = $192 x 20 = $3,840
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R=20
S =0
Then
B-C = $3,980 -($7,660 + $3,840) = -$7,520

The wind generator, unlike the photovoltaic system, should
displace sufficient energy to pay for any needed maintenance
and repairs. However, the initial capital investment would
not be recovered over the 20~year expected lifetime of the
machine under the assumed conditions of equal discount and
inflation rates.
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SECTION VI

SOLAR THERMAL SYSTEM

1. LOAD FOR SOLAR THERMAL SYSTEM
The most appropriate load to be supplied by a solar
» thermal system at the wind tunnel complex of the Flight
1! Dynamics Laboratory is the Instrument Air Dryer (IAD) system.
The IAD system represents an ideal load for a solar
thermal energy system for several reasons. Among these are
(a) the energy requirement is for the purpose of generating
" heated air which is an application well suited to a solar
- energy system, (b) the energy requirement is constant
throughout the year which provides high utilizability of
the available solar radiation, (c¢) the energy is required
q during normal working hours only, which coincides with
maximum solar availability and obviates the need for energy
storage, thus greatly simplifying the system and (d) the
temperature requirement of 175°C air is within the perfor-
F( mance capabilities of concentrating solar collectors. Also,
{ use of a solar thermal energy system to regenerate the
desiccant beds of the IAD would satisfy the major objective

of this study, that is to displace the use of electrical energy

with a renewable energy source. For these reasons, a solar
thermal energy system has been designed to supplement the .
existing electrical heater for drying the desiccant in the
IAD system.
2. SYSTEM DESIGN

a. Collector Selection

The objective of the solar thermal energy system for

the IAD is to heat air for desiccant drying to a temperature
of 175°C (350°F). The air flow rate is approximately 220 scfm
or 16.2 1bm/min through the desiccant bed undergoing regeneration.

Solar thermal energy collectors are classified according to

the heat transfer medium employed as either air-cooled or
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liquid-cooled. Collectors are further classified by type

as either concentrating or nonconcentrating (flat plate).
Nonconcentrating collectors can be eliminated from consi-
deration for the IAD system since they are incapable of sus-
taining the high temperature required. The objective of
supplying heated air would suggest the use of air-cooled
collectors; however, liquid-cooled concentrating collectors
are much more common especially when designed to operate in
the temperature range of interest here. Liquid-cooled con-
centrating collectors are available which are capable of
sustained operation at temperatures of up to 300°C. Table U4
lists several manufacturers of such equipment.

Concentrating collectors manufactured by the companies
listed in Table 4 were evaluated for performance and quality
for possible use with the IAD system. Collectors manufactured
by Solar Kineties Inc. (SKI) were chosen as the basis for
the solar thermal desiccant drying system for the IAD.

TABLE 4

Partial List of Manufacturers of Concentrating
Liquid-Cooled Solar Collectors

AAT Corporation, Baltimore, MD
Acurex Solar Corporation, Mountain View, CA
Alpha Solarco, Cincinnati, OH
American Solar King Corporation, Waco, TX
Energy Design Corporation, Memphis, TN

- General Electric Company, Philadelphia, PA
General Solar Systems, Youngstown, OH
Hexcel Corporation, Dublin, CA
Solar Kinetics, Ine., Irving, TX
SUN-HEET, Inc., Denver, CO

These collectors are manufactured from high quality
materials and the company has been involved in many solar
industrial process heat applications including a heating
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and air conditioning system for the Fort Hood Army Dental
Clinic. The cost of the system components is well defined
making it possible to estimate the system cost with reason-
able accuracy.

Concentrating liquid-cooled collectors by other manufac-
turers are also potential candidates, particularly those
manufactured by Acurex Solar Corporation which are very similar
in design to the SKI collectors. If and when a decision is
made to deploy a solar thermal desiccant drying system, the
system will undoubtedly be offered for bids. The bidding
process could conceivably result in a less expensive system
than the one described here. '

Technical data sheets on the SKI collectors are given
in Appendix D. The collectors are constructed using N/C
machined cast aluminum bulkheads, extruded aluminum edge
formers, monocoque sheet metal mirror substrate fabricated
from 0.040 in. T-6 aluminum covered with 3-M FEK-2U44 metalized
acrylic film. The receiver tube is l6-gauge steel. It has
an absorbing surface of electroplated black chrome over bright
nickel with 0.96 absorptivity and 0.12 emissivity. The re-
ceiver is surrounded by a pyrex glass tube creating a sealed
annulus filled with dry air.

b. System Size

The thermal energy requirement for desiccant drying
can be calculated from the electrical energy usage of a
typical drying cycle. The electrical heater has a measured
power requirement of 56kw (68 amps at U476 volts, 3 phase)
and a duty cycle of 38% (heater is activated 38% of the time
during a drying cycle). Assuming a 90% exchange efficiency
to the heated air results in a time averaged energy require-
ment of 19.15kw thermal (65,365 BTU/hr) delivered to the
air. For the typical six-hour drying cycle the total eiec-
trical energy consumption is 128kwh and the assumed thermal
energy transfer to the air is 115kwh thermal (392,190 BTU).
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This rate of energy addition is sufficient to heat 220 scfm
of air from 21°C to 177°C (70°F to 350°F).

Table A-3 gives hourly average day solar radiation
values on tracking surfaces for each month. Both direct
beam and total (beam plus diffuse plus reflected) values
are given. The data is based on long-term average total
horizontal radiation and percent sunshine data for Dayton.
The values were calculated with the SIM computer program
described earlier. Similarly, Table A-U4 gives clear day
radiation values on tracking surfaces generated with the SIM
model assuming 100 percent sunshine. From these two tables,
the data in Table 5 has been generated. Table 5 gives both
the clear day and the average day beam radiation for the six-
hour period centered about solar noon. Only beam radiation
is considered since concentrating collectors do not capture
any significant amount of diffuse radiation. The six-hour
period of solar noon * 3 hours represents the available
time for desiccant regeneration within the normal work day.

From the instantaneous efficiency curve for the SKI
T-700 FEK collector (given on page 93 in Appendix D) with
an operating condition of 220°C (400°F) above ambient, the
collector efficiency is 64%. Assuming an additional 14%
loss associated with the heat exchanger and piping an over-
all system thermal efficiency of 50% is predicted. This
efficiency will pertain to fluid operating temperatures
on the order of 205°C to 250°C (400°F to U80°F) depending
on the ambient temperature which is assumed to range between
-18°C to 27°C (0°F to 80°F).

The collector area required should be chosen to meet
the demand on totally clear days since no energy storage
is to be incorporated in the system. On a clear December
day with 50% collection efficiency 2.U48kwh per m2 of
collector area can be delivered to the air during a six-hour
period. The SKI T-700 collector has an aperture area of
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l3m2. A four-collector system is recommended, providing a

F total area of 52m2 (560 ft2). Thus, in December, 129kwh of
t( energy can be delivered on a clear day. This is slightly

{ greater than the 115kwh required for drying but very few

{ days each month are totally clear and the l4kwh predicted
excess may be required to compensate for otherwise unaccoun-
[! ted for parasitic losses.

The average annual energy production from a four-collec-
tor array can be calculated from the six-hour total average
day beam radiation data in Table 5. Multiplying the daily
t‘ total for each month by the number of days in the month and
the 50 percent system efficiency gives the monthly totals

and annual total of 532kwh presented in Table 6.
TABLE 5

Tracking Surface Six-Hour Total Beam
f Radiation For Clear and Average Days

Month Average Day Clear Day
Tracking Tracking
Six-Hour Total Six-Hour Total
Beam Radiation Beam Radiation
kwh/m2 kwh/m2
1 2.32 _ 5.29
2 2.48 5.60
3 2.78 5.64
Yy 2.92 5.59
5 3.30 5.37
6 3.55 5.14
7 3.32 5.02
8 3.67 5.04
9 3.46 5.16
10 3.18 5.36
11 2.21 5.17
12 1.78 4.96
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TABLE 6

Monthly Total Beam Radiation and
Monthly Energy Collected

Month Tracking Monthly Total Useful
Long-Term Average Monthly Energy
Direct Beam Radiation Collected
(Six-Hour Daily Collection)
kwh/m2 kwh/m2
1 71.92 35.96
2 69 .44 34,72
3 86.18 43.09
y 87.60 43.80
5 102.30 51.15
6 106.50 53.25
7 102.90 51.45
8 113.80 56.90
9 103.80 51.90
10 98.58 49.29
11 66.30 33.15
12 55.18 27.59
Annual Total 1,064.50 532.25

¢c. System Configuration
A schematic diagram of the solar thermal system is

shown in Figure 9. Four SKI T-700 collectors are connected
in series on an east-west axis. The collectors are north-
south tracked by a single drive unit and control unit fur-
nished by SKI. The tracking unit is hydraulically actuated
eliminating backlash. Two speed tracking is provided for
rapid stow and deployment. The collectors are stowed in an
inverted position at night and during storms. Sufficient
hydraulic pressure is stored by the tracking system to
provide stowing power in the event of utility power 1loss.

Collector mirror assemblies are pylon mounted to concrete
piers (24" dia. x 5' depth) for ground mounting. The center-
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+to-center distance of the end pylons for a four-collector
array is 25.32m (83 ft.). Field piping is 1&" I. D. schedule
( 40 steel pipe with butt welded joints and butt welded con-
E nections to the manufacturer supplied standard end flex hoses
at both ends of the array.
The heat transfer fluid recommended is Therminol T-60
n manufactured by Monsanto. Thermophysical properties for
Therminol T-60 are given in Table 7. The existing reactiva-
tion cooler heat exchanger in the IAD system indicated in
Figure 3 can be used as the load side heat exchanger. It
1 is a Degree Model 19C-03.5-2 with coil dimensions of 0.5m
dia. x 1.07m long with four passes on the gas side. The
coil contains 23 BWQ copper tubes with 14 aluminum fins per
inch. The liquid side connections are 11" NPT compatible
with the field piping to be used. The nominal flow rate for
the air is 220 scfm. The nominal flow rate for the heat
transfer fluid is 10 gal/min. This liquid flow rate will
{ result in a 20°C (35°F) rise in the fluid temperature across
the collector array.

TABLE 7

Thermophysical Properties of
Therminol T-60

Temp. Density Specific Heat Thermal Viscosity
°F lbm/gal BTU/1bm°F Conductivity Centistokes
BTU/Hr-Ft-°F
0 8.5 0.346 0.0780 65.0
200 7.9 0.u445 0.0731 1.75
400 7.3 0.543 0.0681 0.62
450 7.12 0.568 0.0668 0.52

It may be feasible to mount the 25m long array on top
of Building 24B which would help keep the piping length
between the array and the IAD to a minimum. If structural
or other considerations do not permit this location, the
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collectors could be ground mounted on the south side of Building
461. 1In this case, the total pipe run would be approximately
( 180m (600 ft.). This length of 1i" pipe plus the 25m absorber
will have a volumetric capacity of 43 gallons. To raise 43
> gallons of Therminol T-60 from O°F to 350°F on a clear January
morning will require about 50 min. Thus, if the day remains
i! clear, the solar system can supply all of the energy required
for desiccant drying after an initial warm up period which can
be accomplished by 9:30 a.m. even in the winter months.
d. Controls
‘ In addition to the tracking controls supplied by
SKI additional safety and operational controls are required.
To prevent overheating and overpressurization of the collector

loop, both a high pressure limit switch and a flow detection

switch are recommended. Either switch would activate a
collector stow signal in the event of circulation pump or
pump control failure.

Since no energy storage is incorporated in the system, a
differential temperature controller for the collector circu-
lation pump is not appropriate. A photocell detector could
be used to activate the circulation pump at insolation levels
above a prescribed minimum of 0-6 kw/m2. The same thermo-
static on-off controller currently used on the IAD will
suffice to control the electrical heating element which will
function as a back-up or supplementary heat source. The
drying system can still be activated manually in the morning
or it could be controlied by a time clock. Available solar
energy will preheat the air upstream of the electric element.
Under clear sky conditions by 9:30 a.m. solar time (or
earlier depending on the month) the air temperature leaving
the heat exchanger will be 350°F and the electric heater will

remain off unless needed due to cloudy conditions.
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3. ECONOMIC ANALYSIS
The cost of components supplied by SKI is:
4 T-700 Mirror Modules € $3,100 ea. $12,400

1 Drive Unit 3,850
1 Central Control Unit 5,700
Crating 100
Shipping (estimated) 350
Total $22,400

Estimated additional costs are as follows:

Ancillary Controls $ 2,000
Piping and Insulation 600' €@ $4/ft. 2,400
Installation 4,000
Total $ 8,400
Total Installed System Cost (P) $30,800

The average annual energy produced by the system can
be determined from the information in Table 6. The total
2 X 52m2 =
27,664kwh if the system operated 365 days per year. However,

yearly energy that could be collected is 532kwh/m

the IAD system is not operated on weekends and during holidays.
The system could thus be expected to operate about 250 days
per year, reducing the expected energy production to about
18,950kwh annually. At the prevailing average electrical
rate of $0.0525/kwh, the current annual savings is about
$995.

For equal, and thus offsetting, discount rate and
escalation rate, for instance 15% each, the total present
worth of the energy savings over the expected 20-year
lifetime of the system is

B

UPW (15,15,20Y) x $995
20 x $995 = $19,900
First year maintenance and repair costs are assumed to be

2.5% of the initial purchase and installation cost
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0.25 x $30,800 x UPW (15,15,20Y)

0.25 x $30,800 x 20

$15,400.

Major replacement cost, R, is assumed zero over the 20-year

lifetime as is the salvage value, S. The net present value
of the system is thus

B-C B~ (P+M+R+S)
$19,900 - ($30,800 + $15,400)
-$26,300.

Again, the value of energy produced more than offsets

maintenance and repair but does not recover the initial

capital investment in the assumed lifetime.
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SECTION VII
CONCLUSIONS

None of the renewable energy systems evaluated show
economic feasibility when subjected to a cost/benefit life-
cycle cost analysis. Assumptions made regarding cash flow
parameters, such as escalation and discount rates and main-
tenance costs, are subject to a degree of uncertainty.
However, even large deviations from the assumed values will
not alter the basic outcome much. If maintenance and
repair costs are negligible, all three systems (a) wind
turbine (b) photovoltaic and (c¢) solar thermal still show
a negative present value, never displacing sufficient elec-
trical energy to amortize the initial investment over a 20-
year lifetime. The inflation rate for purchased electricity
would have to be quadruple the discount rate for even the
wind turbine system (which displays the best economic
potential) to produce a positive net present value.

The wind turbine system comes nearest to economic viability
due to its low initial cost and good load match. This
system may have merit from other than purely economic con-
siderations. It could provide a utility independent charg-
ing capability for the D. C. Battery Supply System to maintain
operation of the D. C. o0il pumps and switching relays in the
event of an extended power failure. The wind power system
has advantages over the photovoltaic system for this applica-
tion due to its much lower initial cost and potential for
24-hour operation as opposed to 8-hour per day maximum poten-
tial operation for the photovoltaic system. An additional
consideration is that while no wind or solar energy system
can be totally relied upon to provide emergency standby
power due to the variable nature of the energy source,
availability of wind energy statistically coincides with
the times of highest probability of power outages, i.e.,
storm periods.
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SECTION VIII

ENVIRONMENTAL IMPACT STUDY

ey
]

Although installation of the three renewable energy

systems described in this report, viz., photovoltaic system,
wind turbine system and solar thermal energy system, is not
warranted from economic considerations, consideration may be
given to installing one or more of the systems for other
reasons, for example as a back-up charging system for the

D. C. Battery Supply. An environmental impact study is thus
provided here in the event such an installation is contem-
plated.

All three renewable energy systems are environmentally
benign. The photovoltaic system has no conceivable adverse
environmental effects. The only conceivable adverse environ-
mental effect attributable tc a wind turbine generator system
is noise. Noise was a major probtlem with the 200 megawatt
DOE/NASA wind system installation at Boone, NC. However,
due to the small size (3 kw) of the system described here,
the noise level is not expected to be of any concern, if
indeed it is audible at all.

The solar thermal system poses one potential environ-
mental hazard associated with the heat transfer fluid Therminol
T-60. Approximately 43 gallons of this hydrocarbon base oil
would be used in the collector loop of the sclar thermal
system. Care must be exercised in filling and draining the
system to prevent spills. Due to the small volume of o0il
involved, the danger to the environment posed by even a total
spill is not great and such a spill could be cleaned up rather
easily with no lasting environmental effects.
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‘ TABLE A-1
Long-Term Average Solar Radiation Values for Dayton
DAYTON
LATITCDE = 10, 0¢ LONGITUDE = 84,20 ELAVATION =095, ¢

AZIMUTH = (.0 DEGREES

MOGNTH HORLZONTAL. TI1LT 1S DEG. TILT 25 DEG, TILT 35 DEG.
TOTAT BEAM TCTAL BxAM TOTAL BEAM TOTAL BrAM
t‘ 1 5913, 328, 662, 495, 752, 588. 824, 862,
] z 745, 515, 026, 768, 1021, 866. 169G, &76.
I 1062, 758. 1207 azé.  127%. Q96, 1313, 1038,
4 1407. 1L, 1526, 1158,  1547. 118u. 1531. 1ls7.
5 1718, 1201, 1779, 1355. 1748, 1325, 1677. 1296,
{ 6 1876. 1433, 1878. 143, 1818. 1376, 1718. 1278.
; 7 1812, 1188,  1827. 1461. 1779, 1354,  169%,  126S.
] g 1651, 1276. 17246. 1348, 1723, 1348,  1682.  13C7.
[ Q 133, 1638, 1472, 1172, 153G, 123G.  155C. 1251,
i it aga, 731. 1128, 887. 12213, ag4, 1288, 1050,
: 11 5509, 178, 891, 5G9, 775. 504, 830, 661 .
; 12 448, 262, 551, 607, 634, 489, 699, 557,
Kk ik ek rhhblrlhbhbdfhrdibhdbhdedikhdilditiitlhbiiiiit
t! MONTH TILT 45 DEG, TILT 55 DEG., TILT 90 DEG, TOTAL NORMAY
L TCTAL BFAM TOTAL B%AM TOTAL BEAM TRACKING
! 875. 717. ag4, 769, 822, 684 . 1635,
2 113, 021, 11459, a3, kg, 778. 1360,
i V1318, lGhse. 1201, 1020, a2, 7506, 1676,
' & 1479, 1119,  13Q%, 1437, 872. 532. 2637,
1 5 15746, 11581, 143¢, 1013, /064, 15q, 2367,
5 1553, 1144, 1418, ara, 701, 260, 2511,
7 1576, 1147.  1417. a4, 724, 5. 2any,
R 1852, 1227. l48n. 1111, 361, 488, 2008,
_ a 1532, 123, 437. 1179,  1u2z2. 726, 2U1R,
& R 1321, 1UAS.  132C. 1L87.  lush, 842, 1625,
- 1 887, 709, s, 735, 862, 650 1041,
1z 767, §LR.  LT75. R4(, 718, 5qq, 877.
. fededh kbbbl bhrhhAdlhrbrblhbbhhbitbbihdbrhdllbllbibihbirbbdbbbtetvt
ON17T3 ARE BTU PER SQ.FT. F¥FR DAY { MONTHLY AvVG.,)

VOR K=JOULES PER SQ.METER FER DAY MULTIFLY BY 11!,73%
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TABLE A-1 Cont.
L DAYTON
4 BRACETITRRNITR
(
LATTTUDE = 30,90  LONGITUDF = 84,20  ELFVATION =005
AZIMUTH = 36,0 DEGREES
MONTH  HORIZONTAL TILT 15 DFG.  TTLT 25 pEG. TILT 35 DEG.
TOTAL  BEAM  TOTAL  BXAM  TOTAL  BFAM  TOTAL  BEAM
1 493, 325, 638,  471. 714, S44, 772, slt.
2 735.  51%. 899, wgl.  ays, 750,  1G63G. 816,
11062, 788, 1183, 952, 1237, @s7, 1262, 085,
4 1607. 1036, 1509, 1141, 1521, 1lsS.  15L2. 118,
5 1718, 1201, 1771, 1345, 1734, 1314, 1673, 1252,
o 1875, 1433, 1875. 143%, 181,  1377. 1728.  1287.
7 1812,  1%86. 1821, 1396, 1776, 1351, 1497, 1272,
8 1651, 1276, 17069, I3R4. 1703, 1328, 1se2. 1287,
O 1333, 1435, 1447, 1147. 14el, 1161, 150G, 1201,
e as0, 731, 1499,  BSS. 1176, 936, 1225, 987,
11 550, 378, €69, 485, 738, 557, 790G, 611,
iz 468, 282, 532. b, sLO. eSe, 653, 511,
fehhk kb bk Ak hhkhhhbhrhbrdhbibihrhbdrbbhdhbririrbrbhbirhdedidrrirhiddbiditid
MONTH — TTLT 45 DEG.  TILT 55 DEG.  TILS Q) DPEG.  TOTAL VORMAL
TOTAL  BEAM  TCTAL  BEAM  0TAL  BEAM TRACKING
1 R11. 852, 829, 874, 731, ka3, 1639,
I 1058, B47.  lbnl. 833, 864, wu7o, 1389,
R 1.58. OGR4, 1225, 954,  9gs,  SZ, 1576,
4 1451, 169G, 137G. Lele, Qle. UL, 2037,
5 157%.  1157. 1652. 1G5, 876, 471, 27,
6 1807.  1Is8. 1481, 1023, 838, 4Le, 2511,
7 LSBT, 118, laSl. 1L2B. BS1. eR2, 2472,
8 15%7. 1212, leBl.  llLs, Q4. ses, 2208,
o 1475, 1177, 1&io,  112C. 100G, TuR, 2618,
16 1283, 1608, 1232, 090, Ak, 74, 1n25.
i A P L T ) L P T 1043,
12 509G, SS1. 709, 874, B38,  Sls, 377.
e e e e Fo vl e e e ok e o e e e e e b i e e e e ke e e e e ke de e e e e b e ke T de ek e ke ke e ke d ek e ke e el e &
- UNITS ARE BTU PER SQ.FT. PER DAY { MONTHLY 4vi,)

FOR K-JOULES FER SOJMETFR PR DAY MULTIPLY BY 11.3%
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TABLE A-1 Cont.

~- DAYTON

2 PSS AY 3¢ ST AL 2 N NN 5

LATITUPE = 39.90  LONGITUDE = 84,20 ELEVATION =995,00

AZIMUTH = 45.0 DEGREES

m MONTH HORIZONTAL TILT 15 DEG,. TILT 25 DEG. TILT 35 DEG.

TOTAY  BEAM TOTAL  BEAM TOTAY  BEAM TOTAL  BEAM

ﬁ 1 4913, 325, 610G. 443, 668, 503. 716. 548,
[ z 735. 515. 867, 649, 925. 709, 613, 749,
g 3 1042, 758. 1155, 874, 1193, 913, 1206, 9249,
. 4 1407, 1036, 1489, 1121, 1492, 1126. 1468, 1104,
f 5 1718, 1291. 1766. 1336. 1726, 1303. 1663. 1241.
{ ) 1876. 1433. 1870. 1428. 1815. 1374. 1731. 1296.
3 7 1812, 1386. 1814, 1389, 1769, 1343, 1694, 1270.
L 8 1651. 1276. 1692. 1316. 1679. 1363. 1635. 1260.
1 q 1333, 1035. 1418. 1118. 1447. 1147. 1446. 1147,
! 10 969, 731. 1064, 824, 1122, 882. 1154, 9le6.

11 559, 378. 642, 459, 695, 514, 732, 553.

12 408, 262. 508. 362. 560. 415. 599, 457.

(

odedeJe Je fedede Jede FeFe Fe e dede Te e e dede e de e Fe e ve e de de e ede dede dede Yo de de Yo dede o de e dede dede dedede dededede ek ke ke ke dededede e ek

MONTH  TILT 45 DEG. TILT 55 DEG. TILT 90 DEG. TOTAL NORMAL

TOTAL  BEAM TOTAL  BEAM TOTAL  BEAM TRACKING
1 735, 576. 743, 588, 631. 4913, 1035,
2 978. 767. 970, 7613, 778. 588. 1369.
3 1194, 920. 1158. 887. 8613. 607. 1676.
4 1416, 1656.  1340. 83, 923. 581. 2037.
5 1573, 1154. 1459, 1043, %13, 537. 2367,
) 1s21. 1181. 1489, 1051, 9il. 498, 2511.
7 1593, 1169. 1469, 1046, 9132, 513. 2432.
8 1563, 1188. 1465. 109G, 977. 604 . 2208,
9 1416, 1117. 1358. 1060. q75. 679, 2018.
10 1160. 924. 1140, 07, 885. 6613, 1625.
11 751. 5717. 753, 5813. 626, 474, 1043.
12 623. 484, 632, 497, 547. 427. 8717.

Jede de de e dededede fededodededede fedede ek dedededed dededefededek Kede e dedede de ke dededededededede ke fedededededede dedededede ke de de ke ke ke

— UNITS ARE BTU PER SQ.FT. PER DAY ( MONTHLY AVG.)
FOR K-JOULES PER SQ.METER PER DAY MULTIPLY BY 11.35
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LATITUDE = 39,90

MONTH HORIZONTAL

TOTAY

493,
735,
1042,
1467,
1718,
1876,
1812.
1851,
1333,
969,
559,
408,

FY = OO O 00~ Tn oW R

e e

BEAM

325.
515.
758,
1036,
1291,
1433,
1386.
1276.
10635,
731.
378.
262,

TABLE A-1 Cont.

DAYTON

LONGITUDPE = 84,20

TILT 15 DEG.

TOTAL

574,
826,
1118.
1462.
1746,
18613,
1864.
1668,
1381.
162¢0.
668.
476,

BEAM

407.
608.
817.
1094,
1321.
1427,
1379,
1203,
1681,
780.
425,
3130.

AZIMUTH = 66,0 DEGREES

TILT 25 DEG.

TOTAL

516.
862,
1137.
14513,
17C6.
1807.
1756,
1645,
1390,
1053.
640G,
509,

BEAM

445,
645,
858.
1087.
1283,
1366,
13131.
1276.
lgal.
813.
459,
364,

ELEVATION =995,GG

TILT 35 DEG.
TOTAL BEAM

634, 472.
880, 666,
1136, 859,
1421, 1657.
1643, 1222.
1727, 1286.
1683, 1259.
1596, 1221,
1376, 1677.
1066, 828,
660G, 482.
531. 189,

Fe e Fe o Fe e de e e Fe Fe e e e de K Fe Feve e Ao Fe e de e o e e e de e e de de de e Fefe e e et de e e dede de e ek e de e e Kok e e e de e e feko ke e

MONTH  TIBLT 45 DEG.

TOTAL

644,
881.
1115.
1368.
1558,
1625,
1588.
1525,
13138,
10 1058,
11 566,
12 542,

fRe JENN RV N SV N S

BEAM

485,
570,
841.
10607.
1138.
1185.
1164,
1156.
1640,
822.
491.
4013,

TILT 55 DEG.

TOTAY

640,
864,
1075,
1294,
1453,
1504,
1475,
1432,
12749,
1630,
658.
541,

BEAM

485.
657.
804.
37,
1636,
1066,
1652.
1058.
981.
797.
488,
406.

TI®T 90 DEG,

TOTAL

526,
681.
8G4,
al7.
ag5.
998.
aga,
QQ92,
a3z,
793,
532.
450,

BEAM

388.
491,
548,
577.
580.
566,
570.
620.
636,
570.
380.
1306.

TOTAL NORMAL
TRACKING

1635.
1369,
1676.
2637,
2367,
2511.
2412,
2298,
2018,
1625,
1043,

8717.

Fede do fo Fe s e e e Yo do e e v de e fo e e de e e Ao e K e de A e st e e de e Ao Fe e Fe e dede de e K fe e de ke sk e e e e de e deddede de ok e de ek e ek

UNITS ARE BTU PER SQ.FI. PER PAY ( MONTHLY AVG,)
FOR K-JOULES PFR SQ.METER PER DAY MULTIPLY BY 11.35
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P

LATITUDE = 39,9

MONTH HORIZONTAL

TCTAL BEAM

1 443, R25.
2 735. 515.
R 1042, 758.
& 1407, 1036,
5 1718, 1291,
) i876. 1433,
7 1812, 1384,
8 1651, 1270,
Q 13313, 1635,
1¢ 969, 731,
11 559, 378.
iz 438. 262.

LONGITUPE = 84,20

TABLE

A-1 Cont.

DAYTON

AT W AL XY By g I T

ELEVATION =QQ5 (G

AZIMUTH = A(,0 DEGREES

TILT 15 DEG,

TOTAL

488,
729,
10306,
1305,
1768,
1847,
1776,
161G,
1283,
ais.
527.
441,

BEAM

321
511
749
1628
1284
1461
1351
1235
QqQy)
674
344
255

TIET 25 DEG.

TILT 35 DEG.

TOTAL  BEAM TOTAL  BEAM
. 477. 31z, 464, 362,
. 711, 495, 589, 475,
. 1900, 721. 964, 686,
. 1351. ag4. 12013, a9,
. 1647, 1224, 1569, 1148,
. 1775. 13133, 1687. 1246,
. 1712, 286, 1628. 1204,
. 1554. 1178. 1482. 1167,
. 248. 49, 11907, 8aa,
. 8ay, 6506, 859, 621,
. 514. 333, 499, 21,
. 39z, 248, 382. 2440,

kefedekdekdkdiehh: ddddkdkidethdkdokkhdddkkded ik fetedek Ak Rl ke k e fe ke e he e kek ek deke ok

MONTH

TOTAL

1 448,
2 662.
? 926,
4 1225,
5 1479,
o 1585,
7 15132,
R 1399,
9 1138.
16 22,
11 481.
12 360,

T1LT 45 DEG,

BEAM

289,
451,
645,
865.
1060,
1146,
1108,
1625,
8139,
586,
KT
236,

TILT 55 DEG,

TOTAL

428,
563G,
869,
1149,
1378,
1473,
1425,
1307,
16706,
779,
458,
351,

BEAM

273
423
508
792
962
1635
uG2
913
772
545
288
217

TILT 9C DEG.

TOTAT NORMAL

TOTAL  BEAM TRACKING
. 328, 19G. 1635,
. 476, 286, 1360,
. 644, 387. ie7s.
. 829, 489, 2637.
. a75. 574, 2387,
. 1033, 601, 2511,
. 10603, 585. 242,
. a3, 56l. 2298,
. 781, 485. 2(18.
. 582. 159, le25.
. 350. 198, 1643,
. 272, 153, 877.

Feke Je Fedede e e fe de ke R ek dede e e e ke ke e e b e e ek ek e de e e b e dede ook e e ke b e e de e e de ke e

UNITS ARE BTG PKR SQ.FT. PER DAY ( MONTHLY AV5.)
FOR K-JOULES PFR SQ.METER PER DAY MULTIPLY BY ]1.R35
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TABLE A-2

Clear Day Solar Radiation Values on Tracing and South Facing
Surfaces for Dayton

LAaTITUODE = 39,90 LOMGTTULE = 84,20 ELEMEYTON 295,00
ALEAUTH = 0,0 WEERETN

MOMTH HOR TZ0MN faL TILT 1% DEG, TILY 2% CEG, TILT 8% G,

A

-
o
-
pag
i~
s
im
o)

2

TOTAL BEAM T e BloAia TIT . Findm

1 Flés 772, 1314, 1192, 1541, Lo, Tu74,
2 1273, 1123, L&aé&7 1514, 1874, 17 (R Fae
3z 1735, 157343, 2051, 851 . 2198, P AT WG/ G,
4 23217, 1235, 2403, 2114, =449, R VY- 2L
] 2911, 2143, 25463, 2192, D517, 2144, BORT .
5 2579, 217G, 2E5E . 2154, 2451, 2085, LRI
7 L46F . 20864, 2482 2676, SAL4. 2507, THTY.
= 2214, lth4b, 2339, 19746, 2AEL, 1776, IVAEE
k4 18532, 1574, 2077, 1810, L7000 1900, VEAD,

~

1424, 1234, 7T 13506, 1956, Ll 2074, [RAN

1000, S50 . 1382, 1241, 1598, 1449, L7860, Tt
784, 75 1143, 104759, 1377, LG LEEA 1ass.

g
Yo

R
1

HACH KKK RN R AR IR KRR IR SR K KA KK KR R R O R K KKK R KK K R R R KO RO R AR

HUONTH TILY 40 DEG, TILT 55 DEG. TILY 20 DEG, TOTAL NOMaL.

TOTAL

Lan
i
L
ot 4

TaTAL BEEAM TRV AL RE &M TRAGK T H

127 LHEH, 1942, 1554, 1504, 16458, FR7A
20923, L1740, 2181, 2003, 1371, 1465 2668,
2302, 2084, 2271, 2039, 1691, 1412, X038
2401 . 2094, 2214, 1894, 13244, Q72 3E77.
234 173545, 2043, 144G, 1331, BB, RIVRA N
2249, 1822, 191G, 1455 . 83845, - 403, J0d 4.

2214, 1795, 704, 1472, 723, 402, J39R,
2227 18414, 20067, 1429, 1130 . 1. Iy
2305, 1724 2112, 1820, 1451, [ RUDARA 240
19210, 2152, 1937, 1744, 1301, ISR OIEIN
1477, 1944, 1792, 1766, 1585, WXOL.
1507, 1774, 1650, 1482 . 1543, ISLUNTIAN

(g s SRS IV SR I T S O S
rJ
i
H
[

o
o3 2
S
s NN R
r3ry
s S R
PN

S K KA KR SR IOROHE K A T R AR CKCROROK AR KK KOR CR R A AKOKCR R KKK R R R OROR O RO OR

HHITS ARE BT PER SO.ET. FER DAY O MONTHLY &UGL)
FOR KR-JOULES FER SECMETER PR DAY HULTIRLY Wy 11,80
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+0OR-~
+0OR~
+0R~
+0R-
+OR-

(W, VL B VS I S B o

+OR- 1
+0#~ 2
+OR- 3
+0R- 4
+0P~ 5
+0R- 6

+0R- 1
+0R- 2
+0R- 3
+OR~ 4
+0R- 5
+0R- 6

HOURS FROM NOON

HOURS FROM NOOM

HOURS FROM NOON

TABLE A-3

and Tracking Surfaces)

Units are kwh/m2

MONTH =

BEAM
0.406
0.292
0.278
0.118
0.012

MONTH =

BEAM
0.485
0.348
0.264
0.226
0.081
0.000

MONTH =

BEAM
0.556
0.404
0.307
0.274
0.137
0.010

1

2

3

61

TILT40.DEGREES

TOTAL
0.488
0.369
0.336
0.152
0.016

TILT40.DEGREES

TOTAL
0.580
0.441
0.341
0.276
0.101
0.000

TILT40.DEGREES

TOTAL
0.662
0.512
0.401
0.343
0.181
0.017

Hourly Average Day Solar Radiation Values ror Dayton
(For Fixed Tilt Angle = 40°, Azimuth Angle = 0°

TRACKING

BEAM TOTAL
0.441 0.519
0.340 0.412
0.3381 0.436
0.214 0.243
0.030 0.033

TRACKING

BEAM TOTAL
0.506 0.599,
0.394 0.4.84
0.340 0.412
0.370 0.417
0.202 0.219
0.000 0.000

TRACKING

BEAM TOTAL
0.564 0.670
0.443 0.550
0.385 0.477
0.445 0.512
0.360 0.401
0.056 0.062




TABLE A-3 Cont.

(! MONTH = 4
HOURS FROM NOON TILT40.DEGREES TRACKING
BEAM TOTAL BEAM TOTAL
+OR- 1 0.482 0.617 0.496 0.632
{ +OR- 2 0.366 0.500 0.405 0.539
F +OR- 3 0.436 0.546 0.557 0.667
1 +OR- 4 0.254 0.351 0.441 0.536
! 4+0R- 5 0.138 0.208 0.382 0.448
f +OR- 6 0.029 0.063 0.224 0.254
E +OR- 7 0.000 0.001 0.006 0.007
MONTH = 5
HOURS FROM NOON TILT40.DEGREES TRACKING
BEAM TOTAL BEAM TOTAL
+OR- 1 0.491 0.633 0.524 0.666
+OR- 2 0.455 0.591 0.518 0.654
+OR- 3 0.456 0.576 0.609 0.729
+OR- 4 0.264 0.373 0.470 0.578
+OR- S 0.156 0.243 0.447 0.531
+OR- 6 0.041 0.098 0.328 0.379
+OR- 7 0.000 0.016 0.110 0.123
+OR- 8 0.000 0.000 0.000 0.000
' MONTH = 6
}
3 HOURS FROM NOON TILT40.DEGREES TRACKING
{ BEAM TOTAL BEAM TOTAL
j +OR- 1 0.557 0.694 0.613 0.748
, +OR- 2 0.560 0.691 0.668 0.797
+OR- 3 0.352 0.480 0.495 0.624
+OR~ 4 0.264 0.377 0.475 0.586
+OR- 5 0.182 0.275 0.513 0.605
+OR- 6 0.046 0.117 0.441 0.507
+OR- 7 0.000 0.026 0.137 0.158
+OR- 8 0.000 0.000 0.000 0.000
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?_Vrr-. Sy

HOURS FROM NOON

+OR~-
+0OR~
+0R~
+0R~
+0R-
+OR~-
+0R~-
+0R-~

O~NOWnmSWN

HOURS FROM

+OR~
+OR~
+OR-
+0R~-
+0R-
+OR~-
+0R~-

NOoOwnes W -

HOURS FROM

+0R-~
+OR-
+0R-
+0R-
+OR-
+OR-
+0R-

~Nownmes W e

NOON

NOON

TABLE A-3 Cont.

MONTH = 7
A ]

TILT40.DEGREES TRACKING

BEAM TOTAL BEAM TOTAL
0.554 0.688 0.602 0.735
0.535 0.665 0.630 0.758
0.314 0.439 0.426 0.551
0.314 0.422 0.551 0.659
0.174 0.265 0.496 0.585
0.042 0.107 0.375 0.435
0.000 0.022 0.130 0.149
0.000 0.000 0.000 0.000
MONTH = 8

TILT40.DEGREES TRACKING

BEAM TOTAL BEAM TOTAL
0.598 0.724 0.623 0.748
0.581 0.702 0.654 0.774
0.416 0.531 0.556 0.672
0.262 0.362 0.452 0.551
0.184 0.264 0.493 0.570
0.041 0.091 0.331 0.376
0.000 0.006 0.035 0.040
MONTH = 9

TILT40.DEGREES TRACKING

BEAM TOTAL BEAM TOTAL
0.548 0.661 0.554 0.668
0.585 0.689 0.636 0.740
0.422 0.519 0.539 0.637
0.293 0.374 0.483 0.563
0.170 0.228 0.442 0.497
0.026 0.047 0.164 0.182
0.000 0.000 0.000 0.000
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TABLE A-3 Cont.

L MONTH = 10
b
HOURS FROM NOON TILT40.DEGREES TRACKING
BEAM TOTAL BEAM TOTAL
{ +OR- 1 0.502 0.605 0.514 0.616
{ +OR- 2 0.544 0.635 0.598 0.690
+OR- 3 0.371 0.454 0.479 0.561
+OR- 4 0.293 0.355 0.492 0.552
+OR- S 0.100 0.133 0.265 0.294
+OR- 6 0.005 0.007 0.022 0.024
]
MONTH = 11
A HOURS FROM NOON TILT40.DEGREES TRACKING
| BEAM  TOTAL BEAM TOTAL
+OR- 1 0.346 0.434 0.369 0.453
+OR- 2 0.314 0.393 0.358 0.433
+OR- 3 0.282 0.345 0.376 0.435
+OR- 4 0.130 0.171 0.226 0.260
+OR- 5 0.039 0.048 0.092 0.099
MONTH = 12
HOURS FROM NOON TILT40.DEGREES TRACKING
BEAM TOTAL BEAM TOTAL
+0R- 1 0.294 0.369 0.324 0.394
+OR- 2 0.249 0.316 0.292 0.354
+OR- 3 0.207 0.257 0.276 0.322
+OR- 4 0.135 0.161 0.233 0.256
+OR- 5 0.008 0.010 0.018 0.020

b4




TABLE A-4
H Hourly Clear Day Solar Radiation Values for Dayton
(For Fixed Tilt Angle = 40°, Azimuth Angle = 0°
and Tracking Surfaces)
: Units are kwh/m2
4
' MONTH = 1
A\
HOURS FROM NOON TILT40.DEGREES TRACKING
BEAM TOTAL BEAM TOTAL
+0R- 1 0.859 0.918 0.931 0.998
{ +0R- 2 0.772 0.828 0.899 0.962
[— +0R- 3 0.602 0.651 0.816 0.869
s +0R- 4 0.340 0.375 0.597 0.631
+0R- 5 0.043 0.048 0.101 0.106
MONTH = 2
HOURS FROM NOON TILT40.DEGREES TRACKING
BEAM TOTAL BEAM TOTAL
+0R~- 1 0.930 0.996 0.966 1.038
+0R- 2 0.846 0.909 0.944 1.014
+0R- 3 0.684 0.741 0.889 0.952
+0R- 4 0.447 0.494 0.758 0.808
+OR~- 5 0.152 0.174 0.383 0.403
+0R- 6 0.000 0.000 , 0.000 0.000
MONTH = 3
HOURS FROM NOON TILT40.DEGREES TRACKING
BEAM TOTAL BEAM TOTAL
+0R- 2 0.871 0.945 0.947 1.025
+0R- 3 0.718 0.788 0.910 (.985
+0R~ 4 0.500 0.561 0.830 ’.896
+OR- 5 0.246 0.291 0.645 0.690
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¥y orom o vy
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HOURS FROM NOON

+OR-
+OR~-
+0OR-
+OR~
+0R~
+0R-
+0R-

NN W

HOURS FROM

+OR~-
+OR~
+HOR~
+OR~-
+OR-
+OR-
+OR~
+OR~-

RNV E W

HOURS FROM

+0R~-
+0R-
+0R-
+0OR-~
+0R-~-
+OR-~
+OR~-
+0R-

(o I N NV, I - VI N R

NOON

NOON

TABLE A-4 Cont.

MONTH =

4

TILT40.DEGREES
TOTAL

BEAM
.927
.851
.708
.508
.273
.063
.000

[eNeNoNeoNeNo N

MONTH =

5

[oNoNeoNeNolo N

.026
.948
.799
.591
<342
.103
.002

TILT40.DEGREES
TOTAL

BEAM
.853
.785
.654
474
<265
.069
.000
.000

COO0O0OO0OO00O0

MONTH =

6

[N oNoNoNeoNoNo o)

.970
.899
.764
.575
.353
.134
.019
.000

TILT40.DEGREES
TOTAL

BEAM

66

[eNoNoNeNoNoNollo

.915
851
.723
.551
<347
.142
.033
.000

TRACKING
BEAM TOTAL
0.950 1.045
0.938 1.033
0.909 1.002
0.853 0.939
0.736 0.806
0.455 0.492
0.025 0.026
TRACKING
BEAM TOTAL
0.911 1.021
0.900 1.010
0.876 0.985
0.831 0.934
0.746 0.835
0.569 0.630
0.174 0.190
0.000 0.000
TRACKING
BEAM TNTAL
0.871 0.987
0.861 0.978
0.838 0.954
0.798 0.909
0.726 0.823
0.586 0.658
0.266 0.295
0.003 0.003

e e
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Tt T

HOURS FROM NOON

+OR~
+OR-
+OR-
+OR-
+0R~
+OR-
+OR~-
+0R~-

1
2
3
4
5

6
7
8

HOURS FROM NOON

+0R~
+0R~-
+0R~-
+OR~
+OR-
+OR-
+OR-

SNONwnM SN

HOURS FROM

+0R-
+0R-~
+OR~
+OR-
+OR-~
+OR-~
+OR-

NownsWwNn -

NOON

TABLE A-4 Cont.

MONTH = 7
TILT40.DEGREES
BEAM TOTAL

0.781 0.906

0.719 0.841

0.600 0.717

0.432 0.541

0.244 0.340

0.065 0.138

0.000 0.028

0.000 0.000

MONTH = 8
TILT40.DEGREES
BEAM TOTAL

0.820 0.937

0.755 0.868

0.625 0.733

0.448 0.548

0.247 0.331

0.058 0.114

0.000 0.008

MONTH = 9
TILT40.DEGREES
BEAM TOTAL

0.870 0.967

0.797 0.892

0.657 0.746

0.462 0.542

0.236 0.299

0.042 0.067

0.000 0.000
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TRACKING
BEAM TOTAL
0.850 0.968
0.840 0.958
0.818 0.934
0.775 0.885
0.700 0.796
0.550 0.619
0.219 0.243
0.000 0.000
TRACKING
BEAM TOTAL
0.857 0.968
0.845 0.957
0.819 0.927
0.768 0.870
0.673 0.758
0.46° 0.513
0.072 0.079
TRACKING
BEAM TOTAL
0.881 0.978
0.867 0.963
0.834 0.926
0.767 0.849
0.623 0.685
0.256 0.277
0.000 0.000
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HOURS FROM NOON

+0R- 1
+OR- 2
+0R- 3
+OR- 4
+OR- 5
+0R- 6

HOURS FROM NOON

+OR- 1
+0R- 2
+0R~- 3
+OR- 4
+OR- 5

HOURS FROM NOON

+0R~- 1
+OR- 2
+0R- 3
+0R- 4
+OR- 5

TABLE A-4 Cont.

MONTH = 10

-

" TILT40.DEGREES

BEAM TOTAL
0.903 0.983
0.824 0.900
0.669 0.740
0.451 0.510
0.188 0.225
0.007 0.010
MONTH = 11

TILT40.DEGREES

BEAM TOTAL
0.849 0.914
0.767 0.829
0.605 0.660
0.368 0.409
0.073 0.084
MONTH = 12

TILT40.DEGREES

BEAM TOTAL
0.800 0.856
0.716 0.769
0.549 0.594
0.288 0.317
0.022 0.024
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TRACKING
BEAM TOTAL
0.923 1.006
0.903 0.985
0.856 0.931
0.752 0.814
0.485 0.520
0.034 0.036
TRACKING
BEAM TOTAL
0.904 0.975
0.876 0.944
0.806 0.865
0.635 0.676
0.176 0.186
TRACKING
BEAM TOTAL
0.879 0.942
0.845 0.904
0.754 0.802
0.508 0.537
0.050 0.053




TABLE A-5

Wind Velocity Distributions For Dayton Municipal Airport
(From Reference 5)

S

January A ALL WEATHER February A. ALL WEATHER
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s March A, ALL WEATHER April A. ALL WEATHER
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o
1) OVER AVG
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APPENDIX B

OUTPUT POWER CHARACTERISTICS OF FIVE
WIND TURBINES FOR WRIGHT-PATTERSON
AIR FORCE BASE, OHIO

1. MACHINE CHARACTERISTICS AND OUTPUT

The curves shown in Figures 1 and 2 indicate the power
resource at Wright-Patterson Air Force Base. To assess the
portion of this wind power resource that is recoverable, it
is necessary to add to the analysis the wind turbine input/
output characteristics. Manufacturers information was obtained
on 16 wind machines. Five machines with power ratings of
4.1 kw, 10 kw, 25 kw, 100 kw and 225 kw were selected to make
an initial assessment. The output performance curves for these
machines are included at the end of this Appendix. A summary
sheet of the pertinent characteristics for the five machines
is given below in Table B-1l.

The average expected output power which will be available
from these machines, at the hour of the day it is expected,
is shown in Figure B-1. Maximum power can be seen to occur
during the daylight hours between 0700 and 1900 hours. Plots
of average expected machine monthly power as a function of
the month in which it occurs are presented in Figure B-2.
These curves show that maximum wind power occurs from November
through April, with minimum power from May through October.
Some of the highlights of the information contained in these
curves is presented in Table B-2 to facilitate easier
comparisons.

Perhaps the most interesting conclusion which might be
drawn from this data is that a machine's power rating gives
only an indication of what the maximum power generated by the
machine will be. The average power which can be expected to
be generated by a given machine, since it is dependent on
the existing wind resource, is only from 5% to 10% of its

maximum power rating.
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2. PRELIMINARY ECONOMIC ASSESSMENT OF WIND MACHINES

The final set of options for renewable energy systems to be
suggested for the Flight Dynamics Laboratory at Wright-Patterson
will, of course, provide a match between the system components
(wind, solar thermal, photovoltaic etc.,) and the various iden-
tified existing laboratory loads. However, a preliminary assess-
ment of the economic value of the five selected wind turbine
machines can be made by considering the power each generates to
be a simulated load and leave to a later date the incorporation
of any aspects which may be learned from these simulations to
aid in suggesting the appropriate machine for the actual loads.

The discussion of wind generators to this point has not
dealt with economic factors, but rather has been concerned with
the physical assessment of what wind resource exits at WPAFB
and what average power various sized machines could extract
from this wind resource. The decision of whether or not to
invest in a wind turbine capital asset will ultimately be
based on the determination of whether the investment generates
sufficient revenues to cover all costs including the cost of
capital. This determination is typically made using one of the
discounted cash flow models which relate the cash flows gener-
ated by an asset to a minimum return criterion. The specific
form of discounted cash flow model which will be used in this
analysis is the Annual Equivalent Cost (see Reference 12).

The assessment of the economic value of each of the five
selected wind machines will be made by determining the cash flow
which would result in combining the annual costs incurred by a
specific machine with the annual funds generated by that machine
if the energy it produced were sold at a commercial energy rate
of $0.0525/kwh (approximate cost of power at Wright-Patterson
Air Force Base). Each machine was assumed to have a utilizable
life of 20 years so the annual equivalent costs are also over
that time period. Other assumptions made were that tne cost

of money will be 10%, annual operation and maintenance will be
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2.5% of the installed cost and allowed to escalate with the
price of energy sold, and energy sold will be allowed to escalate
at rates of from 6% to 12% per year.

Table B-3 contains the above mentioned economic data as
well as the computed annual equivalent costs for the respective
escalation rates considered. It can be seen from these results
that all five machines would result in money lost if the assump-
tions made were correct.
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MANUFACTURERS' OUTPUT CURVES FOR WIND TURBINES
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r AEROWATT
E 4100 FP 7G
L
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; ol |
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i s 60
: g +C ! PCUER IUTREUT
(] ” RVE .
L / WIND VELCCITY
: - | / | |
: !
\ " ' |
3 Vo ! ! . , ' |
‘ 1o 20’ ' 30 ‘ so

WIND VELCCITY =4PH

Rated Qutput 4,1 KW
Rated Speed 16 mph
Cut In 4.5 mph
Cut Out N/A
Rotor Diameter 30.7 ft

Axis Horizontal
Qutput 487120 vDC
Base Price $42758

Tower

Not Included
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JAY CARTER
25 KW

MODEL 25 SPECIFICATIONS

Output
Minimum ouiput - 72 mph wind
Rated output - 25 kw in 26 mph wind
Max. output - 30 kw in approx. 30-40 mph wind

. Betz Limat
Kw 59.3%  40% 0%

40
b /
] : i

wrl . _ _KwvswineSoved . t g

, 564 lzval - 51U day

Ll s o e o i o

1 15 20 25 3G 35
Wing 5peeg MPH @ 30 M
Xw-hrs iyt
160 £00

59 20

45000

Average Wind Speeq MPH 0D 30 M

Rated Output 25 KW
Rated Speed 25 mph
Cut In 7.5 mph
Cut OQut 125 mph
Rotor Diameter 32 ft
{ Axis Horizontal
Output 220/440 VAC
[ Base Price $18000
Tower Included
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MEHRKAM
4-100 and 4-225

Typical Performance

o, OUTPUT % Roted Qutput vs Wind Speed
1001
- 75 —
- (0 —
3 I o
10 MILES/HOUR 20 30
s METERS, SECOND \'o 115
4-100 4-225
Rated Output 100 KW 225 KW
Rated Speed 28 mph 28 mph
Cut In 7 mph 7 mph
Cut Out 40 mph 40 mph
Rotor Diameter not available
Axis Horijzontal Horizonta|
Output 30, AC 3 9, AC
Base Price $80000 $160000
Tower Included
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83

10 KW

25 mph

9 mph

60 mph

24 .3 ft
Horizontal
240 VAC
$10750

Not Included




APPENDIX C

MANUFACTURER'S INFORMATION

Whirlwind Model 3120 Wind Turbine
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Design Features

® Self storting — nO power wasted to stort or
stop rofor.

® Direct drive — higher efficdency, fewer moving
PaITs 10 wear out.

® Inside-outr altemator — eliminates slip rings

and brushes

® Permanent magnet field — no wasted fleld
power, ant-cog design for easy propelior
stort-up.

® Alremator rotor and propelior hub are

combined in o unique single assembly for
increased strength ond significont welght
reduction

¢ Three phase airemaror and three phase power
transmission 10 load — less weight and smaller
wire from generator to load (or increcsed
distance from geqgrator to load).

o Every Whif\ind generator is ready to provide
electricheat with only | @ addition of a tower.

All New
for 1982!

Economical, Reliable
Wind Electric Systems

WhirlWind

Series 3000
3 KW Wind Generators

For Home, Business and
Remote Power Needs.

Autormnatic elecaronic control box — provides
user with three phase AC for water or space
heoﬂngondDCforbomryd\ughgaumlry

Tailless upwind design — less weight, no
cumbersome tall 10 install, less tower shadow
thon downwind designs

Pilot rotor yaw drive — orlents macdhine towind
direction as ¥ it had a toll rums machine
sideways in high winds as if it had a foiding tail
“Just like magic.” excloims a delighted owner.
Rugged, all mechanical design with no elec
tronics or hydraulics

Yaw rate limiting — makes possible the vibro-
tion-free utilization of @ two biloded propelior.

Two bladed propedior — less weight and higher ‘

efficiency thon three biaded designs.

_J
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direct Fslow
‘Imr Tower r0p total — 230 Ibs
Wind 3peede  Cutin 7-8 mph
-(sna level) Rated power 26 mph
Peak Power 30 mph
Goveming 26-36 mph
Shurdown 36 mph
Survival 120mph

fowd Power: 3 Kilowarrs
Peck Power: 4 Kiloworts
Maintenonos Lubrication and inspection every

two years All moving parts easily
Warronty: Two years parrs ond lobor.
ENERGY OUTPUT POWER OUTPUT
Ayl 40
. y.
o v z; 7
Z 40 £ 1 g 2 4 d
2 500 / < 0 V.
« 3 Y
¥ 400 / 9 15 Vs
X 300 %
3 - // 10
B 200 05
10G
2 4 6 8 10 12 14 16 18 2C 22 24 26 28 30 32 34 3o
6 8 10 12 14 16 ~ WIND SPEED, MPH
AVERAGE WIND SPEED, MPH nchoge on onmechag e and commol Dok toysen < C ¥ 1eed ot seo tevet Figures

Model 3032

This model is designed specifically for 30 or 32 vokt battery charging or may be used without o batrety
for water or space heating. Charging is fully reguiated for longest battery iife. Extra power is auto-
maticolly sent to an electric heater when the battery s fullThis is our most populor generator for
independent wind electric systems, and more accessories are avaliable every day such as lights and
appliances that run direaly from the batrery and inverters in ol sizes to provide 120/240 vac from the
batrery. The Model 3032 Is also designed to charge a 24 or 36 volt bottery aof slightly less output.

Model 3120

This model is designed sradifically to reduce the homeowner's elecrric bill. It Is also used for 120 voit
batrery charging and for warer or space heating With the generator interfaced to the utility, the rypical
fomily con expect a 50% reduction in electric bills in a 40 10 12 mph average wind.

Complete Catalog

WhinWind Power Compony provides a complete line of accessortes for the Model 3032 and 3120
wind generators induding seif-erecting free standing and guyed towern, bafreries, inverers ond
bartery operated applionces and lights Our catalog indudes a complete wind electric system
plonning guide, applications information on the Models 3032 and 3120 and desaiptions of all our
accessories. Please send $2.00 (domestic mailed) or $3.00 (foreign malled). J

- ® ® Manutocturing Plant SEE YOUR AUTHORIZED DEALER
\/_. by lr In 5030 York Street

¥:3 Power Company | cowsser




APPENDIX D

TECHNICAL DATA FOR SOLAR KINETICS, INC.

T-700 Collector
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TECHNICAL DATA

SOLAR KINETICS INC.
3300 CENTURY CIRCLE, IRVING, TEXAS 75060 214-721-1070
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TECHNICAL DATA | 10340-1

‘! : COLLECTOR DESCRIPTION

The T-700 solar collector is the result of over four years of design and
development. Many design features set the T-700 apart from other collector
types. Those features are as follows:

PERFORMANCE

Since the receiver area of a concentrating collector is less than the solar
aperture, the thermalt losses are less than expected for a non-concentrating
collector such as a flat plate. For this reason the instantaneous efficiency of the
T-700 is far greater than for flat plates, especially during low solar flux periods
such as hazy days.

The net thermal output of tracking collectors is greater than that of static
collectors since the tracking unit intercepts a greater quantity of solar flux.
When increased efficiency is coupled with increased solar availability due to
tracking, the result is substantially improved thermal output.

N - A concentrating collector uses only direct normal insolation while a flat plate or
- evacuated tube collector can use diffuse and reflected light as well. On the
surface this would seem to indicate that flat plates would perform better on
cloudy days than the T-700 but such is not always the case. While the direct
suniight available to the T-700 would possibly be less than the combined light
falling on the flat plate the latter may have substantially lower efficiency and

E therefore the total net output from the T-700 would be more. At 200°F when a
shadow is slightly noticeable the T-700 will outperform most non-concentrating
non-tracking collectors.

MATERIAL OF CONSTRUCTION

The use of precision machined, cast aluminum bulkheads, extruded aluminum

. edge formers and monocoque sheet metal construction+ was based primarily

: on the desire to provide long unit life in the initial stages of solar energy

equipment development. The selection of known fabrication techniques with

. known use life periods is, in our opinion, a reasonable approach to mirror

| fabrication. The torsional rigidity of this structure is exceptionally high and
quality control for the components of this system of construction can be

effective through known techniques.

ANGULAR MISALIGNMENT

-

This feature, not found on other parabolic trough collectors will prevent tracking
drive loads which develop due to shifting of the pylon base. Installation
misalignments also will not cause a bind on the tracking drive mechanism.

~ Should the ground or building under the T-700 shift, the collector will continue
to operate at misalignments of up to 5°

*U.S. PATENTNO. 4,240,408

¢ 1981 SOLAR KINETICS. INC




TECHNICAL DATA

F HAIL RESISTANCE

The mirror substrate is T-6 X 0.040” aluminum sheet which provides far
greater protection than 0.040" Alzac which was accepted by Sandia’s Solar
pumping facility as hail resistant. Alzac is not tempered and has a much lower
yield than T-6 heat treated aluminum. Solar Kinetics'collectors have endured
34" hail stone storms undamaged.

REFLECTIVE SURFACE

. 3-M’'s FEK-244 with average specular reflectivity of 83% was chosen. Solar

5 Kinetics, Inc. has conducted weather testing for 5 years on 3-M 5400 and 4

Y years on FEK films with less than 4% specular loss. No other unsatisfactory
changes have been observed. The samples were tested in Dallas, Texas from
ambients of 10°F to 110°F and in weather which included snow and hail.

RECEIVER TUBE

’[ The reflective surface focuses on the receiver tube which is 16 gauge steel
5 tubing. The selective surface is black chrome on nickel substrate with

absorptivity of .96 and emissivity of .12 @200°C. The receiver tube is insulated
¢ by a Pyrex glass tube. The annulus between the receiver and the glass jacket
is dry air. Receiver removal can be accomplished by loosening two fittings.

h SOLAR TRACKING

The T-700 can accept analog signals from any type tracking demand control
system whether it be microprocessor with precision shaft encoders or
differential shadow bar devices.

The standard tracker developed by SKI uses the shadow well concept.

HYDRAULIC TRACKING *
2 Hydraulic tracking actuation has been chosen for several reasons.

All mechanical tracking mechanisms will develop backlash when exposed to
kf continuous wind buffeting loads. Hydraulics eliminates this type of backlash as
{ well as providing a slight cushioning effect to sudden loads. Repair and
a maintenance to the hydraulic components need not cause lengthy down time
since the components can be readily replaced and repaired.

Tracking speeds are adjustable by the operator. Two speed tracking is
L' provided through the use of bypass solenoid valves. This allows rapid stow at
1 the onset of storms. Stored hydraulic pressure provides stow power with AC
] line power loss.

*U.S. PATENT NO. 4,178,913

10340-2
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TECHNICAL DATA

SHORT FOCAL LENGTH

The true test of parabolic trough collector efficiency is not the instantaneous
efficiency at solar noon, but rather, the all day efficiency curve. In the early and
late hours of the day (for an East-West oriented collector) losses are
experienced due to the cosine effect of the angle of the sun, but in addition to
those losses, rapidly increasing focal lengths cause reflective errors greater
than the diameter of the receiver tube. These losses are unavoidable if long
focal lengths are chosen which require mirror accuracy beyond reasonable
construction limits.

COLLECTOR ORIENTATION:

SKI collectors are horizontally mounted and oriented at any azimuth angle. The
260° angular acquisition capability of the SKI drive pylon allows focus at any
solar angle and facilitates mirror cleaning and other maintenance activities.

Depending on seasonal cloud cover profiles, the north-south collector axis
orientation delivers slightly more energy on an annual basis than the east-west
(north-south tracking) setup. These two orientations deliver symmetrical daily
output profiles with all other orientations producing output curves which favor
either the morning or afternoon periods. Generally, the east-west orientation
delivers about the same daily energy throughout the year while the north-south
collectors produce most of the annual energy during the summer months with
lower levels of delivered energy during the winter. Relative solar angles
account for most seasonal and orientation output variations, since ambient
temperatures do not markedly affect the T-700 performance. Collector field
orientation should be designed to provide seasonal output profiles which follow
load profiles where possible.

91
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TECHNICAL DATA

Solar Kinetics' rigid monocoque' aluminum mirror and
no-lash hydraulic tracking” along with proven en-
gineering concepts provide long life and low cost. Fea-
tures of the system are:

The black chrome plated steel receiver tube is sur-
rounded by a dry air annulus protected by Pyrex*
glass tubing. Focus is adjustable during installation.

A precisely constructed mirror surface is covered with
metallized acrylic film, combining weather resistance
and high reflectivity.

The parabolic contour of the cast aluminum ribs is N/C
machine generated for an accurate focus.

The thermal expansion bellows allows for expansion of
the receiver assembly and maintains a sealed, dry
environment in the annulus.

An insulated stainless steel flex hose allows rotation of
the collector with unrestricted flow.

Self aligning sealed ball bearings absorb structural
loads maintaining collector motion without binding.

A steel flange carries torsional loads into the collector
structure. Allows mirror installation with eight bolts.

The steel support pylon is galvanized for corrosion
protection.

Mounting studs are a standard pattern for each
collector.

This load bearing joint* protects the collector structure
frgm strains induced by misalignment from foundation
shifts.

‘U S PATENT NO
4,178,913
4,240,408
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SPECIFICATIONS

MODULE WIDTH
MODULE LENGTH
MIRROR WIDTH
SOLAR AREA
REFLECTANCE
MAX VERT HEIGHT
ROTATION AXIS HT
TRACKING ANGLE
STOW ANGLE
SYSTEM WEIGHT
RECEIVER TUBE
ANNULUS MEDIUM
SELECTIVE SURFACE
ABSORPTIVITY
EMISSIVITY
RECEIVER COVER
MAX OPER TEMP
MAX OPER PRESS

. A

10341-1

T-700 T-600
89.0 IN 53.0 IN
20 FT 20FT
84.5 IN 48.0 IN
140FT* 80 FT?
0.84 0.84
102 IN 65 IN
57 IN 39 IN
260° 235°
12° 45°
4.0 LB/FT? 4.0 LB/FT?
16300 1630D

DRY AIR

BLACK CHROME
0.94-0.97
0.18 @ S00°F
PYREX GLASS
600°F
250 PSI

¢ 1981 SOLAR KINET «
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[ SOLAR COLLECTOR
EFFICIENCY vs TEMPERATURE

.f*"rJv

Solar Flux — 290 BTU/ft*/hr
(924 Watt/M?)

Wind Speed — 8-12 MPH (13-19 Km/hr)
g Fluid — Therminol T-66
‘ Flow Rate — 5 GPM (19 L/min)
Aperture — T-700 — 140 ft* (13M?)
T-600 — 80 ft2 (7.4M?)
~ Orientation — Normal to Sun
Receiver Annulus — Dry Air

% Eff.
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